Purpose: The study aimed to describe and evaluate the minimally invasive volar approach to the forearm for open reduction and internal fixation of diaphyseal radius fractures. Methods: This is a matched case-control study involving patients with diaphyseal forearm fractures operated by one orthopaedic surgeon over 2 years. Cases underwent a minimally invasive volar approach, whereas controls underwent a standard Henry's approach. In total, 17 cases and 17 controls were studied based on patient demographics, injury patterns, and surgical outcomes. Results: The duration of surgery was significantly shorter for cases than for controls in combined radius and ulna fracture fixation (58.8 minutes vs. 84 minutes; p ¼ 0.03). There was no significant difference in operative time for isolated radius fractures, hospitalisation duration, and time to return to work. No malalignment or complications were observed. Conclusion: The minimally invasive volar approach to the forearm is as safe and efficacious as traditional approaches in the fixation of diaphyseal radius fractures.
Introduction
Minimally invasive surgery (MIS) in orthopaedics has been associated with numerous benefits. In fracture fixation, the commonly used techniques include intramedullary nailing, percutaneous pinning/wiring, and minimally invasive plating osteosynthesis (MIPO). With smaller incisions and reduced soft tissue stripping, MIS is believed to be associated with faster healing, reduced complication rates, reduced primary or secondary grafting requirements, and in some cases, shorter operative time.
Existing MIS techniques are now commonly used to fix various long bone fractures. However, open surgical fixation is still the preferred method for the management of diaphyseal forearm fractures as it provides direct visualisation, facilitating anatomical reduction of the fracture. 1e5 Anatomical fracture reduction is important as the forearm is a joint that allows supino-pronation via articulations at the proximal and distal radioulnar joint. Failure to achieve adequate reduction leads to a reduced range of motion and functional incapacity. Thus, an open approach is commonly employed. 6e8 While current surgical approaches to the forearm are safe and effective, they involve more extensive surgical incision and soft tissue damage associated with dissection. We now seek to propose an alternative technique that provides adequate access for good anatomical open reduction while minimising soft tissue damage. This study aims to describe the minimally invasive volar approach to the radius and demonstrate its efficacy and safety in the fixation of radial shaft fractures.
Materials and methods
This is a case-control study of patients who had forearm fractures presenting to a single institution. Patients involved in the study were recruited over a period of 2 years. The first 17 patients were cases, and the latter 17 were controls that were selected to match the cases with regards to age, sex, bones involved, site of fracture, and AO classification. To ensure that the cases matched the controls, the ManneWhitney U test was used to compare the age of the cases and controls, and the Fisher's exact test was used for the remaining categorical variables. All patients were operated within 48 hours of presentation as per our institution workflow. None of our patients had clinically significant swelling or soft tissue damage that required delayed or staged surgery. The controls had a standard Henry's approach measuring approximately 8e10 cm long, followed by layered intermuscular plane elevation; the cases had a minimally invasive volar approach followed by en masse retraction and subperiosteal dissection to expose the underlying bone before open reduction and fixation. All patients were operated by a single orthopaedic trained surgeon (senior author) experienced in the fixation of forearm fractures. The study involved patients with isolated, displaced fractures of the radius (4 cases and 4 controls) and combined radius-ulna shaft fractures (13 cases and 13 controls). Patients with pathological fractures secondary to bone infection or malignancy were excluded from the study. The selection of matched controls was based on age, sex, bones involved, site of fracture, and AO classification ( Table 1 ). The cases had to be operated within 6 months of the controls. No patients in our study had associated fracture-dislocation of the elbow or wrist.
All patients were identified via the surgeon's logbook and confirmed using hospital electronic records. The information collected included prospective data regarding patient demographics (age, sex), open or closed injury, preoperative neurovascular deficits, operative time, quality of fracture reduction and fixation (fracture alignment, fracture gap, screw cortical purchase, screw location), length of hospitalisation, early and late complications (postoperative neurovascular deficits, wound infection, hardware failure, reoperation), forearm range of supino-pronation, time to return to work, and time to bony union. AO classification was used to describe the fracture configuration. 8 Interpretation of X-rays was performed by two independent, blinded specialists (1 radiologist and 1 orthopaedic surgeon). Fracture gap postsurgical fixation was measured directly using Radweb software (Centricity Enterprise Web V3.0 (8.0.1400.128) (GE Medical Systems Information Technologies, Barrington, IL, USA)). Malalignment was defined as an angulation of more than 10 degrees and 2 mm of displacement. Bony union was determined based on X-ray findings of bridging bone involving three cortices in two orthogonal views during follow-up visits.
Data entry was performed using a spreadsheet application (Excel 2003, Microsoft Corp., Redmond, WA). Statistical analyses were performed using SPSS version 16 (SPSS Inc., Chicago, IL, USA). Categorical variables were presented as proportions, and continuous variables were presented as median where appropriate. Univariate analyses were performed using Fisher's exact test between categorical data and ManneWhitney U test between continuous variables. Statistical significance was taken as p < 0.05. An approval by the Institutional Review Board and appropriate consent was taken prior to commencement of the study.
Description of surgical technique
Under general anaesthesia, the patient was placed supine and the injured forearm was allowed to rest on a radiolucent table in full supination. Tourniquet was applied to the upper limb at the arm and cuffed up to 250mmHg. The fracture was palpated and a 4-cm longitudinal incision was placed over the volar aspect of the forearm above the marked fracture site and along the ulna border of the mobile wad ( Figure 1A ).
Unlike the traditional approach, which involves layered dissection to the fracture site, blunt dissection was performed using the index finger down to the fracture site along the borders of encountered muscles, with no elevation of intermuscular planes ( Figure 1B ). The soft tissue was then retracted en masse. During the approach, the border of the mobile wad was first encountered and pushed laterally together with the superficial radial nerve underneath which was not routinely exposed. The radial artery and its venae commitantes if encountered were retracted laterally. Depending on the extent of fracture and required implant length, limited subperiosteal elevation of the deep muscle was subsequently performed with a periosteal elevator to allow sitting of the plate later ( Figure 1C ). This was done by displacing the supinator laterally at the proximal third, the pronator teres medially at the middle third, and flexor pollicis longus medially at the distal third of the radius.
Fracture reduction was performed under direct vision with the aid of reduction clamps and confirmed using fluoroscopy. A 3.5mm nonlocking, limited contact dynamic compression plate (6e7 holes) was then applied on the radius by sliding the plate through the incision along the tract, proximally and then distally in a sequential manner ( Figure 1D ). Indirect compression was achieved via eccentric placement of screws at holes nearest to the fracture site, and an additional screw was placed on each side of the fracture using the same primary incision. A stab incision was placed on each side of the primary incision to apply the remaining screws percutaneously. A minimum of three nonlocking cortical screws with six cortical purchases were ensured for all fixations, both proximally and distally. Four patients had fracture site compression achieved Post fixation intensified imaging was performed to ensure the adequacy of fixation. The tourniquet was then released and haemostasis was achieved. Finally, the wound was irrigated and closure was performed using subcuticular monocryl 3-0 sutures.
Postoperative management
All patients received intravenous first-generation cephalosporin antibiotic coverage for 24 hours following surgery. In our study, there was no institution protocol in the management of patients with radius fractures. To minimize bias and allow standardisation, the study was restricted to a single surgeon's series, and all patients received postoperative X-rays a day following the surgery to assess the quality of fixation. They were started on passive and active range of motion exercises for the wrist, elbow, and allowed forearm supino-pronation the first postoperative day. All patients received only oral analgesia for pain control. They were discharged when pain control was acceptable. Specific instructions to ensure light duties for the injured upper limb were also advised during the first 3 months after the surgery. Wound inspection was done within 2 weeks of the surgery by an independent party before the patient returned to the surgeon 6 weeks after the surgery. Patient reviews were scheduled together with X-ray investigations at 6 weeks, 3 months, 6 months, and 1 year after the surgery.
Results
For the purpose of analysis, the patients were divided into cases and controls. The mean age of the cases and controls was 27.2 years (range, 17e47 years) and 28.3 years (range, 18e47 years), respectively. There were 14 male and 3 female patients in each group. All the cases had an incision length of 4 cm. Furthermore, 15 controls had a 9-cm incison, 1 control had an 8-cm incision, and 1 control had a 10-cm incision. The difference in incision length between cases and controls was statistically significant (p < 0.001) based on the Student t test. In terms of the injury sustained, each group had 13 combined radius-ulna fractures and 4 isolated radius fractures. The breakdown according to AO classification of the fracture is shown in Table 1 . There was no significant difference in fracture displacement between both groups. Three cases had open fractures. Two cases had polytrauma; the first had right-sided fractures involving the clavicle, humerus, ulna, and radius, and another had left tibia and fibula fractures, bilateral radius fractures, right ulna fractures, and orbital injury. With regards to preoperative neurological deficits, one case had posterior interosseous nerve injury presenting as weakness in finger extension that resolved 3 weeks after the surgery. No nerve conduction study was done for the patient, and surgical exploration was not performed at the time of surgery. All controls had isolated, closed injuries to the forearm with no neurovascular deficits preoperatively.
The duration of surgery from incision to wound closure was shorter for the cases than for the controls. For combined radius and ulna fractures, the duration was 58.8 minutes (range, 42e155 minutes) for cases and 84 minutes (range, 50e160 minutes) for controls (p ¼ 0.03). For isolated radius fractures, the duration was 54 minutes (range, 30e88 minutes) for cases and 63 minutes (range, 42e90 minutes) for controls (p ¼ 0.60). The mean hospitalisation duration was 5.12 days (range, 2e13 days) and 5.64 days (range, 3e15 days) for case and controls, respectively. This was not statistically significant (p ¼ 0.59). In terms of quality of reduction and fixation, no malalignment was noted. All patients had a minimum of six cortical screw purchases both proximally and distally. No screw was found in the fracture site, except when an interfragmentary compression screw was placed. All patients achieved cortical compression under direct vision intraoperatively. Post fixation X-rays showed 0.42 mm (range, 0e1.51 mm) lucency, resembling the formal fracture line for cases, and 0.41 mm (range, 0e1.6 mm) for controls ( Table 2 ). This was not statistically significant (p ¼ 0.58).
There were no complications noted in our patients. In particular, no patients developed neurovascular deficits attributable to the surgery, wound infection, hardware failure, or required reoperation. There was no statistically significant difference in postoperative pain in both groups (p ¼ 0.12). The mean return to work duration was 72.3 days (range, 33e120 days) and 80.6 days (range, 40e125 days) for cases and controls, respectively. X-rays showed that four cases and two controls achieved bony union by 3 months postoperatively, and all patients had bony union by 6 months (Table 3) . One control was lost to follow-up at 6 months, and the remaining patients were followed-up for 1 year.
Discussion
Our understanding of the forearm as a joint comprising of the radius articulating with the ulna during supino-pronation has influenced the management of these fractures. 9e12 Based on AO principles, forearm fracture fixation requires anatomical reduction and is often treated using an open approach. This enables direct visualisation during fracture reduction to achieve anatomical realignment and restoration of supino-pronation. 10, 13, 14 The purpose of this study investigates a modified technique described by the authors which has been shown to give comparable outcome in terms of fracture alignment and fusion rates. The bony union rates and complications are also similar to those stated in the literature (Table 4 ). This proposed reduced incision technique was also not inferior to the open approach with regards to the length of hospitalisation (p ¼ 0.59). In addition, this new technique appears to confer the advantage of a reduced surgical wound size, leading to better cosmesis and reduced surgical site morbidity. Despite the short time since the development of this technique, it has been found to be equivaent, if not faster than the standard Henry's approach (p ¼ 0.03 for combined radius and ulna fracture fixation). With experience, this approach could possibly be faster since it is a more direct approach with less intraoperative soft tissue dissection. Despite the fact that three cases had open fractures and required wound debridement prior to fixation, surgery for the cases group took equal or less time and had similar complication rates.
Since the development of plate osteosynthesis, there has been a gradual emphasis on the need to preserve surrounding soft tissue during fracture fixation. Animal studies looking at preservation of soft tissue envelope around the fracture have shown better bony union rates which are also reproducible in the clinical context. 21e23 This is attributable to the preservation of blood supply and periosteum that is required for bone healing. The MIPO technique minimises soft tissue injury and involves creating an epi-periosteal plane through a limited incision away from the fracture site. 24, 25 This is followed by gliding a plate along this plane. 26, 27 By avoiding fracture site exposure, fracture haematoma and local natural osteogenic factors are left undisturbed, thereby promoting bony union. Where anatomical reduction is not required, this form of fixation allows biological stability and promotes callus formation. 28 However, in the context of forearm fractures, indirect reduction in the form of MIPO surgery is not advisable unless the fracture is undisplaced or minimally displaced. In such cases, nonsurgical treatment should be considered. By using en masse soft tissue retraction for submuscular plate placement, the technique described in this study allows anatomical reduction under direct visualisation and fracture fixation with minimal soft tissue damage.
A pubmed search using "radius" AND "forearm" AND "fracture" AND "plate fixation" OR "plate osteosynthesis" OR "open reduction internal fixation" was performed and yielded 1313 matching results. Available abstracts of all the search results were reviewed, and six studies were selected based on their similarity to our study ( Table 4 ). The review showed results 15e20 from other studies that were comparable to this study in terms of time to return to work, duration of surgery, complication rates, and bony union rates. Although a direct comparison with other studies will be inappropriate given the different context each study is being performed, this information audits the quality of the surgery performed in this study.
Being a case-control study with a small population, this study has its inherent limitations, including type 1 and type 2 errors. Selection bias was reduced by ensuring that the patients were selected from the same institution and by the same surgeon. Cases and controls were also matched for age, sex, fracture configuration, and time points when surgery was being performed further to minimise potential biases that may result in inaccurate conclusions. We acknowledge that our patients were not matched for mechanism of injury, which formed a limitation in our study. Observer bias was reduced by ensuring two independent experts interpret the X-ray findings. In this study, there was no discrepancy between their interpretations. When measuring the fracture gap, an average of their measurements was used. Another limitation of this study was that the body mass index of the patients was not measured, and the authors acknowledge that the body habitus of the patient might affect the size of the surgical incision.
The authors are aware that it may also be argued that by not dissecting the intermuscular planes, as traditionally described, could also lead to a compromise in neurovascular intergrity and increased soft tissue retraction. However, this presumption can only be addressed in larger, randomised prospective trial.
In conclusion, this pilot study has showed that the minimally invasive volar approach to the forearm with en masse retraction during radius fixation is as safe and effective as the traditional Henry's approach with layered dissection. We believe that it is a promising approach that reduces surgical morbidity as it involves less soft tissue damage. Larger prospective studies will be required to further assess the usefulness and reproducibility of this technique.
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